Crustal thickening in an oblique continental collision, such as in the South Island of New Zealand, necessarily involves deformation processes in three dimensions (3-D). We have investigated the role played by the strength of the lower crust using simplified 3-D mechanical models. These models show that crustal thickening occurs away from the area of maximum compression, along an axis inclined to the plate boundary (about 10
I N T R O D U C T I O N
Two-dimensional modelling approaches for continental oblique collision implicitly assume that convergence occurs perpendicular to the plate boundary, and that deformation is identical in sections perpendicular to the plate boundary. However, crustal and lithospheric thickening under oblique collision necessarily involve three dimensions: the extra degree of freedom allows a component of lateral movement to occur. The lithospheric deformation leading to the formation of the Southern Alps of South Island, New Zealand demand a 3-D modelling approach. Here, continental oblique convergence has been accommodated since about 6 Ma, and the topography and gravity data indicate that surface deformation and thickening at depth are geometrically offset. We study the lithospheric scale deformation of the region using simple mechanical models based on the collision of two lithospheric blocks, one being mechanically weaker than the other. The weakest block will deform in one of two ways: it can thicken vertically, producing a 'crustal' root and mountain ranges, or it can spread laterally in the horizontal direction, towards regions of lower compression. This lateral flow away from the area of maximum compression is favoured if the weakest block is unable, mechanically, to support the weight of thickened material. The question that we pose is if the convergence is oblique, will the direction of flow remain oriented parallel to the margins of the lithospheric blocks that represent the plate boundary?
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Many studies of oblique tectonic zones have explored the partitioning of strain between reverse and strike-slip motion (e.g. Beck 1983; Dewey et al. 1998) . Other studies take into account the brittle behaviour of the crust to predict fault orientations depending on the rotation of principal stresses throughout an orogenic wedge (Koons 1994; Koons & Henderson 1995; Braun & Beaumont 1995; Enlow & Koons 1998) . A rigid-like behaviour of the crust is also used to describe the mechanism of escape tectonics, such as the eastward movement of the Tibetan crust perpendicular to the direction of maximum shortening in Asia (Tapponnier et al. 1982) . However, these studies do not explicitly look for variations in crustal thickness along the plate boundary.
In a 2-D approach, Bird (1991) shows that a thickened lower continental crust can undergo horizontal flow away from the crustal root, caused by the lateral pressure gradient that equals the topographic load gradient. Avouac & Burov (1996) also show how the relative rates of surface erosion and of lateral flow in the ductile lower crust are crucial to maintaining mountain growth under 2-D compression. Using 3-D viscous thin-sheet models of oblique collision, Houseman & England (1986) argue that "the locus of maximum vertical strain-rate (thickening) migrates away from the indenter and lies on the down-slope of the plateau, because the buoyancy forces resist further crustal thickening". Finally, a solution for oblique convergence applied within a crust of depth-dependent viscosity illustrates how channelized flow can develop in a crustal root (Royden 1996; Shen et al. 2001) . However, in all of these studies variations in thickening of the lower crust parallel to the plate boundary have not been directly considered. In this paper, we use simplified numerical models that support the idea of lateral crustal thickening occurring oblique to the plate boundary. While we focus on the oblique collision between the Pacific and Australian plates through the South Island of New Zealand, our results may have wider application for the lithospheric structure of young orogens.
T H E S O U T H E R N A L P S O F N E W Z E A L A N D
The Australian-Pacific plate boundary transects the South Island of New Zealand as a transform boundary zone, connecting the westdipping Hikurangi subduction zone in the northeast and the eastdipping Puysegur-Fiordland subduction system to the southwest of the South Island (Fig. 1a) . The plate boundary is believed to have progressively formed about 45 Ma, transforming an initial Eocene passive margin into what is today the dextral strike-slip Alpine Fault (Sutherland et al. 2000) . This major fault offsets geological terrains by about 450 km, from the southeast to the northwest of the South Island (Wellman 1942; Carter & Norris 1976, see Fig. 1b) , and has juxtaposed two continental fragments with different histories: the Western Province and the Eastern Province (Fig. 1b) . The Western province is composed of Palaeozoic rocks, a remnant of Gondwana. These metamorphic and intrusive rocks are found in the northwest South Island, in Fiordland, and offshore on the Challenger and Campbell Plateaux. They were intruded by granites in the Cretaceous. The Eastern Province comprises a number of terranes of largely low-grade meta-sediments (greywacke to schist) that were accreted in Mesozoic times. Across the Alpine Fault, the Eastern Province crust to the east is thus likely to be mechanically weaker than the Western Province crust to the west.
Since about 6 Ma (Walcott 1998) , the pole of rotation of the Pacific plate (eastern South Island, Chatham Rise and Campbell Plateau) has been relatively stable, inducing an anticlockwise rotation with respect to the Australian plate (northwestern South Island, North Island and Challenger Plateau), and resulting in the formation of the Southern Alps east of the Alpine Fault. The amount of shortening, estimated from geomorphologic markers, global plate tectonics models, and geodetic measurements (Wellman 1979; Norris et al. 1990; DeMets et al. 1994; Beavan et al. 1999; Beavan & Haines 2001) , decreases southward from about 110 to 70 km (from Arthur's Pass to Milford Sound, Fig. 1b) . Observed slip-rates suggest that about 60-70 per cent of the total plate motion is taken up by the Alpine Fault (e.g. Sutherland & Norris 1995) , while exhumation of lower crustal rocks from about 25-30 km depth occurs in the vicinity and to the east of the Alpine Fault (Grapes 1995) . Analysis of earthquakes (Leitner et al. 2001) indicates that the base of the seismogenic zone is uniform at about 12 km depth throughout the central South Island, with no broadly significant elevated geotherm adjacent to the Alpine Fault (Shi et al. 1996) .
The mean surface elevation of the central Southern Alps is nearly 1300 m high along a width of about 75 km east of the Alpine Fault (Fig. 1c) . The central part of the mountain belt, here referred to as the 'Canterbury' region, has the narrowest and highest elevation, along an axis about 20 km east of the Alpine fault, reaching a maximum height of about 3700 m at Mt Cook. In the region to the south, referred to by the name 'Otago', the surface elevation progressively diminishes and broadens to be about 200 km wide. In contrast, the Bouguer gravity anomaly, which indirectly measures the crustal thickness, increases to the south, with a minimum that deviates about 10
• -13
• east from the Alpine Fault (Fig. 1d) . The divergence between the trend of the maximum topography and crustal thickness is what we aim to investigate.
Recent deep seismic velocity models along transects in the central South Island provide an image of a crustal root Scherwath et al. 1998; Scherwath 2001; Van Avendonk et al. 1999 ). These models show that, away from the orogen, towards the northwest in the Australian plate, and towards the southeast in the Pacific plate, the crustal thickness averages about 20-25 km. Below the orogen, the deepest part of the crust lies at depths of 40-45 km, increasing southward, and about 20 km east from the highest topography. This offset indicates that the orogen is not in isostatic equilibrium, as also indicated by the departure of gravity anomalies from an isostatic model (Woodward 1979) .
Seismic velocity models offshore along the east coast of the South Island also indicate that the Moho deepens southwards by about 5 km (Godfrey et al. 2001) . In order to explain the differences in surface topography and apparent crustal thickness, a different strength of rocks in Canterbury and in Otago has been proposed (Koons et al. 1999) . This is based on the metamorphic overprint of the northern terranes to form the Haast Schist in the south (Adams & Gabites 1985) . An older orogenic event could explain the presence of a thicker crust there. Koons et al. (1999) use numerical modelling to support the argument that thermal relaxation of an initially deeper Moho and a thicker layer of ductile lower crust results in the crust in the Otago region being hotter and weaker. Thus crustal deformation is likely to affect a wider, more diffuse area in Otago. The latter model provides a plausible scenario and we shall discuss it in Section 4, in the light of the alternative scenario that we propose here.
The upper-mantle structure beneath the Southern Alps has recently been investigated by Stern et al. (2000) , using analyses of teleseismic P-wave patterns: a high-velocity symmetric zone is recognized. Its association with high-density mantle material provides a complimentary origin to the thickness of the crustal root and the observed gravity anomalies. A thickened, cold lower lithosphere of around 100 km depth would be denser and able to develop a gravitational instability (Stern et al. 2000) . In the conclusion, we will discuss briefly how deformation in the mantle below the Southern Alps may be linked to that of the lithosphere.
M E C H A N I C A L M O D E L L I N G

Set-up of the models
The modelling was undertaken with ABAQUS (Hibbitt et al. 1998 ), a commercial finite-element software package. We define a block 125 km long (X-direction), 200 km wide (Y-direction), and 50 km deep (−Z -direction), with the origin located at the top-northwest corner of the model block (Fig. 2a) . This block is discretized using elements that are 5 km 3 . The dimensions of the modelled block are small compared with the size of our area of interest, because of computer memory limitations. However, we also benchmark the validity of our results against a more realistic scale in Section 3.5(d).
The strength of lithospheric material is critically dependent on rock type, water content, temperature, mechanical or thermal softening, and metamorphic reactions (e.g. Kohlstedt et al. 1995) . Although elasto-plastic, pressure-dependent Mohr-Coulomb rheology appears satisfactory for the upper crust, there is still uncertainty in choosing the appropriate rheology for the lower crust and deeper regions. Mechanical models typically use creep laws extrapolated over many orders of magnitudes in strain-rate from laboratory data. The strength of the lithospheric mantle is governed by laboratorydetermined creep law parameters of dry olivine (Goetze & Evans 1979). However, for an average temperature distribution at that depth, compression induces an effective viscosity that corresponds to stresses higher than the brittle yield stress: many studies assume then that the lithospheric mantle has a brittle behaviour (e.g. Kohlstedt et al. 1995; Burov & Diament 1995) . Following standard approaches (e.g. Brace & Kohlstedt 1980) , our modelled lithosphere is composed of an elasto-plastic lithospheric mantle 15 km thick and an elasto-plastic upper crust either 10 or 20 km thick, depending on the presence of a relatively weak lower crust (see the properties for different models in Table 1 ). These thicknesses correspond to the state of the continental lithosphere in the South Island of New Zealand, prior to the onset of oblique compression. A Drucker-Praeger criterion governs plastic behaviour, in which the yield strength considers the third stress invariant (while the Mohr-Coulomb criterion considers the second stress invariant). A cohesion C = 10 MPa and a friction angle φ = 40
• are chosen (which corresponds to a Mohr-Coulomb angle of about 30
• ): these numbers correspond to typical values obtained from rocks experimentalists. Viscoelastic behaviour is described by the relaxation time τ of a Maxwell body: it depends on the modulus of rigidity G = E/2(1+ν), and corresponds to a viscosity µ = 1.25×10 20 Pa s. According to rock experimentalists and several geophysical studies, this viscosity is about three orders of magnitude lower than the surrounding brittle upper crust and lithospheric mantle, and can be considered as an adequate low viscosity for both the lower crust and the deepest portion of the mantle lithosphere. The obvious shortcoming Table 1 . Rheological properties. Elastic parameters are given by Young's Modulus E and Poisson's ratio ν. Viscoelastic behaviour is described by the relaxation time τ of a Maxwell body: it depends on the modulus of rigidity G = E/2(1 + ν), and corresponds to a viscosity µ = 1. Density 3200 3200 2800 2800 2800 2800 2800 Elasticity E = 6.25 Gpa, ν = 0.25 X X X X X X X Viscosity, relaxation X X time τ = 2µ/G = 10 11 s Plasticity C = 10 MPa, φ = 40 • X (for A) X X of this simplified rheological layering is the lack of an explicit temperature dependence of the thickness and the strength of the ductile versus brittle deforming regions of the lithosphere. Our intention is not to replicate the deformation history of the South Island, but rather to understand the basic processes that control the evolution of this region at large scales. Therefore, the strength contrast between different lithospheric layers is more important than their absolute values. Simplified cases of rheological distributions have the virtue of producing results that are easy to interpret, and may be used to better constrain the degree of mechanical coupling of lithospheric layers.
In our model, the bottom 15 km are composed of low-viscosity material (Table 1) , corresponding to the weak deeper portion of the mantle lithosphere: for simplicity we call it the 'asthenosphere', although in reality the 1350
• C isotherm that defines the lithosphereasthenosphere boundary commonly lies around 100 km depth below continents. Above this 'asthenosphere' layer, two lithospheric plates are modelled as blocks A and B (Fig. 2a) . The right-hand part of the model (block B, and 50 km long) corresponds to the Western Province on the Australian plate: we assume it is strong, and therefore impose an elastic behaviour. The left-hand part of the model (block A, 150 km long) simulates the Eastern Province of the Pacific lithosphere: we vary its rheological behaviour in the different models (Table 1) .
Gravity body forces are included. The top boundary is the free surface, while the bottom is fixed in the vertical direction (Z = −50 km). This latter boundary condition is a poor approximation that can be acceptable if the stress contrast between the base of the lithosphere and the underlying asthenosphere is of several orders of magnitude, that is if the viscosity of the asthenosphere is low enough. We further discuss the validity of this boundary condition in Section 3.5(d). We impose zero X and Y displacement along the right vertical boundary (Y = 0), in order to simulate the fixed Australian plate (Fig. 2b) . Along the left vertical boundary (Y = 200 km), we assume that block A (Pacific plate) is moving anticlockwise, rigidly driven around a pole of rotation located at X c = 1000 and Y c = 2500 km. Therefore, a larger amount of convergence affects the 'northern' part of the model, and a greater amount of shear affects the 'southern' part of the model. Velocity vectors are varied linearly along the north and south boundaries of the model (X = 0 and 125 km). This is an important assumption as it implies that the deforming plate boundary is contained within the volume of the model, in contrast to rigid plate models where deformation occurs along a zero-width boundary.
The results are discussed below for three models, after about 1 Ma of oblique convergence with rotation at an angular velocity of 6 × 10 −16 rad s −1 , i.e. about 1 deg Ma −1 (similar to the South Island). The final compressional displacement perpendicular to the plate boundary is then about 33 km, and the displacement parallel to the plate boundary is about 80 km.
Model 1
In model 1, block A (Pacific plate) has a uniform elasto-plastic rheology, becoming brittle when the stress reaches the pressuredependent yield value (Table 1) .
The modelling indicates (see Figs 3a and b) , that the deepest part of block A (Pacific lithosphere) deforms and thickens most in the area of greatest compression, i.e. in the northern part of the model (dark grey zones). The whole lithosphere deflects along an axis inclined at about 10
• -15
• from the block boundary. This deflection can be mimicked with a rectangular sheet of paper when the right-hand side remains fixed, while the left-hand applies oblique compression: an oblique buckle develops perpendicular to the direction of maximum compression (most compressive principal stress σ 1 , Fig. 3c ). Note that the most compressive principal strain ε 1 (Fig. 3d) remains parallel to the plate boundary.
The surface uplift is not realistic (Fig. 3a) , because of border effects owing to the small size of the model. In addition, no account was made for surface processes (see Section 3.5). Therefore, the numbers on the figures must not be taken as absolute values, as they only have a qualitative meaning.
Model 2
To investigate the role of a ductile lower crust, model 1 is modified by including, in block A, a layer of low viscosity between depths 10 and 20 km (see Fig. 2a ).
The results (Fig. 4) show that thickening of block A (Pacific lithosphere) along an axis inclined at 10
• to the block boundary is enhanced, and that maximum thickening now develops further south than in model 1 (compare the dark zones of Figs 3b and 4b) .
Previous studies on 2-D deformation in the lower crust indicate that channelized ductile flow is likely to develop at the edge of an orogen (Royden 1996; Shen et al. 2001; Beaumont et al. 2001) . Similarly, in our models, the ductile behaviour of the lower crust allows for high values of horizontal shear strain, and enhances the orientation of thickening to develop perpendicular to the direction of compression. The ductile layer of block A deforms (or flows) southward (in the increasing X-direction), because it cannot sustain as much stress as that induced by the vertical thickening: this lateral (Fig. 2a) . The thick black line shows the boundary between blocks A and B. Vertical uplift (upward motion in lightest grey, downward motion in black), for the entire block (a), and for a section at the base of the crust (b). Thickening occurs in the 'northern' part of block A, where maximum compression occurs. (c) Most compressive principal stress σ 1 has an extremum inclined at about 15 • to the plate boundary. (d) Minimum principal strain ε 1 has its minimum parallel to the plate boundary. thickening, via lateral flow, requires less energy than the localized thickening seen in model 1. Despite the boundary effects in our modelling, deformation reveals a prominent dome structure (lightest grey in Fig. 4a ) adjacent to the crustal thickening (in black). This represents lithosphericscale buckling. Buckling is usually predicted to develop with a wavelength of about five times the thickness of a competent layer, when the viscosity ratio between layers reaches about 10 3 (Burov & Diament 1995; Gerbault et al. 1999) . Here, the buckling layer can be approximated by the lithospheric mantle (see Burov & Diament 1995) , set here between depths of 20 and 40 km. Buckling also develops in model 1, but with a larger wavelength, because it is related to the entire 55 km lithospheric thickness (owing to the absence of a low-viscosity, decoupling lower crust). Indeed, the limited extent of the model affects the wavelength and amplitude of this dome structure. However, one can see in the figures that the whole lithospheric ensemble of thickening and doming (or buckling) tends at 10
• to the boundary between blocks A and B.
Model 3
Plate tectonic reconstructions infer that the Challenger Plateau on the Australian plate (our block B) and the Campbell Plateau on the Pacific plate were once a single continental block (Sutherland 1995) . The lithosphere is thus likely to be strong south of the South Island. In order to study the effect of a strong lithospheric layer located south of the South Island (Fig. 2a) , model 2 is modified by adding a strong elastic layer (block C) in the southernmost 25 km of block A, of the same rheology as block B (elastic). Crustal thickening in block A now occurs to the south ('Otago'), in a more localized area than in model 2 (Figs 5b and 4b) . The strong elastic layers, blocks B and C, act as two orthogonal walls against which material from block A is being pushed. Lower crust ductile flow is trapped into a restricted space, where vertical thickening becomes the only solution to accommodate shortening (Fig. 5b) . One can again use the analogy of an obliquely folded sheet of paper: one can imagine that a fluid is flowing within the 'downward-buckle channel'. If a wall stands at the south end of the channel, the fluid becomes trapped in the middle part of the sheet. Crustal thickening still occurs perpendicular to the most compressive principal stress (Fig. 5d) and to the most compressive principal strain (Fig. 5e) , which are now located in the same areas (dark areas), in contrast to model 1. Fig. 5(c) displays the deviatoric stress throughout block A, with a view from the north and from the bottom. This figure shows (i) the geometry of the thickened lithosphere (downward flexure at its base, parallel to the axis of crustal thickening and (ii) the geometry adopted by the plate boundary plane ('Alpine Fault face'). The dip of this plane flips from being east dipping in the upper crust to west dipping in the lithospheric mantle, as a result of upward and downward flexural deformation of each layer, respectively. Fig. 6 displays the vertical displacement at the base of the crust, scaled up to the size of South Island. Registering our model to the location of Haast and Franz Joseph (about 100 km apart) requires a scaling factor of approximately 3. Such a scaling triples gravity forces and thus depth-dependent stress in brittle layers, and modifies the amount of strain. However, the characteristic wavelength (λ) of deformation is preserved because it is proportional to the lithospheric mantle's thickness (h), as was shown by numerous studies of lithospheric buckling. If the size of the model was increased, so that the strong lithospheric mantle layer was, more realistically, 40 km thick (it is 15 km thick in the present model), then we would reproduce a deflection of 100 km (λ/2 = 5h/2, 5 is the average coefficient of proportionality, i.e. Gerbault et al. 1999) , equivalent to the width of the observed gravity anomaly in New Zealand South Island.
Additional models
A number of additional models (not shown here) were tested to explore the robustness of features discussed in Section 3. These additional models explore the effect of: (a) a pre-existing fault zone, (b) surface processes, (c) a change in obliquity of applied boundary velocities and (d) larger dimensions of the model. Results are consistent with previous studies on these subjects, and are summarized below.
(a) A pre-existing weak zone is inserted at the boundary between blocks A and B in model 3 (Alpine Fault in between the Australian and Pacific plates). A one-element thick zone (5 km) with a lower friction angle of 15
• shows that plastic strain localizes in this weak zone, while the magnitude of crustal thickening is reduced in block A (Pacific plate, see the discussion from model 2). Upward flexure of block B (Australian plate) is also reduced. Crustal (and lithospheric) thickening develops in a more localized area adjacent to the plate boundary, and within the corner formed by the junction of blocks B and C. This model illustrates how deformation localizes, depending on the relative strength of a pre-existing weak fault zone with respect to the surrounding stronger lithosphere. This result indicates that at depths greater than the Moho, deformation is not accommodated by a narrow, weak, plate boundary shear zone.
(b) Another model was constructed where the top surface is prescribed to be uniformly uplifted at the rate of 2 × 10 −10 m s −1 . This boundary condition is meant to reproduce the case where total erosion of the surface occurs. This is equivalent to allowing uniform subsidence at the base of the model: the mean vertical uplift is shifted upwards but amplitudes of vertical deformation actually increase. As expected, the amount of crustal thickening is enhanced relative to the amount of surface uplift. This model confirms that deformation of the upper surface is decoupled from that of the lower crust, and that surface processes tend to increase decoupled crust-mantle deformation. A high-density mantle layer lying around 100-200 km beneath the crustal root, as indicated by teleseismic P-wave delays (Stern et al. 2000) would act as a downward pulling force that would have the same effect as erosion, and would enhance localized crustal thickening.
(c) We also tested the effect of the position of the pole of rotation. If the strike-slip component of relative plate velocity increases, then, with an equal amount of compression, the principal axis of compression rotates anticlockwise. Since vertical thickening (and lithospheric buckling) occurs perpendicular to the principal axis of compression, the obliquity of crustal thickening with respect to the plate boundary tends to increase. On the other hand, if the compressional component decreases with respect to the strike-slip component, then the obliquity of thickening diminishes. In the case of New Zealand since about 10 Ma, a reasonable range of pole position is X c = 500-2000 km and Y c = 500-3000 km. For these values, the angle between the axis of crustal thickening and the block boundary remains within the range 10
• -20
• , and stabilizes there over time. Variation in the obliquity of convergence (more strike-slip to the south) also determines the increasing width of the thickened area towards the south.
(d) Additional models were constructed with a thicker asthenospheric layer (35 km rather than 15 km) in order to confirm the independence of lithospheric deformation with respect to the fixed base of the model. In these models, we also reduced the viscosity of the 'asthenospheric' layer by a factor of 2. The new models 1 and 2 are qualitatively similar to those presented in Sections 3.2 and 3.3, in terms of the geometry of crustal and lithospheric deformation. However, owing to both effects of a reduced viscosity and a thicker 'asthenospheric' layer, the vertical displacements at the surface and at the Moho are reduced by 15 per cent. The shear stress in the asthenospheric layer is about 10 MPa, while it is about 600 MPa at the base of the lithosphere. Locally, a maximum of 37 MPa appears at the border of the base of the 'Australian asthenosphere', while a local minimum of 400 Mpa occurs in the mantle lithosphere. This strength difference of more than one order of magnitude and the consistent lithospheric deformation of these additional models indicate that the fixed base boundary condition has a minor effect.
(e) With a model of larger dimensions (200 × 250 × 60 km 3 ), we could also confirm that deformation in block A is mostly controlled by buckling (wavelength equal to about five times the thickness of the lithospheric mantle). Boundary effects vanish and a smaller and more realistic upward flexure of the lithosphere affects block B-the Australian plate. However, the obliquity of lithospheric thickening (and buckling) also diminishes. This shows that the width of the real deforming plate boundary depends on the width and depth of strength contrasts, between the weak plate boundary and the surrounding stronger lithosphere. This discussion relates to a major question in plate tectonics, identifying the limit between domains of intraplate deformation and plate boundary deformation.
C R U S T A L F A U L T I N G , D E F O R M A T I O N A N D D U C T I L E F L O W
The relationship between crustal faulting and lower crustal ductile flow resulting from oblique convergence is unclear. In the South Island of New Zealand, many faults show recent activity with both strike-slip and dip-slip components of motion (e.g. Blick 1985; Oliver & Keene 1990 ). Many of these faults are oriented 10
• southeast of the Alpine fault direction (Cox, personal communication), apparently consistent with the strike of crustal deformation derived from our simplified models. Recent geological work several kilometres east of the Alpine Fault (Little et al. 2002) indicates vertical foliation planes that also trend at about 10
• southeast from the Alpine Fault. However, these features are attributed to the reactivation of inherited structures by Little et al. (2002) , who note that the presentday tectonic event seems to benefit from these 'correctly' oriented pre-existing features.
In addition, analytical and analogue modelling based on the critical tapered wedge approach, predict that the strike of faults can vary by more than 50
• from one side of the orogen to the other, in oblique convergence (Koons & Henderson 1995; Enlow & Koons 1998) , and depending on the friction properties at the base of the brittle crust that affect the partitioning of deformation. Although our modelling defines a clear strike of brittle deformation associated with lower crustal ductile flow, there is no clear evidence to confirm a relationship with local directions of crustal faulting. It is still a matter of debate whether in the case of a low-viscosity lower crust, upper crustal faulting is mechanically coupled with ductile flow in the lower crust (see also Rundle & Jackson 1977; Shen et al. 2001) .
The width of deformation in Otago, as noted in Section 2, has been related to an increase in the metamorphic grade of the exhumed Cretaceous rocks between Canterbury and Otago that has been interpreted as evidence for an inherited thicker crust in Otago, prior to the Cenozoic. Koons et al. (1999) argued that thermal relaxation provides Otago with a hotter geotherm than in Canterbury, so that under the present compressional regime, deformation in the ductile lower crust can propagate further away from the plate boundary and produce wider surficial relief. Our mechanism of active lateral flow in the mid-lower crust indicates that the variation in height and width of surface elevation between Canterbury and Otago regions is not necessarily a result of pre-existing thermal or rheological heterogeneities within these regions. However, these results do not rule out the possibility that pre-existing heterogeneities between Otago and Canterbury may also play a role.
C O N C L U S I O N S
We have illustrated with simplified 3-D models, deformation mechanisms of the crust and mantle lithosphere in a situation of oblique convergence. The models show that the geometry of crustal thickening is a result of both lithospheric buckling perpendicular to the direction of oblique convergence, and lower-crust ductile flow in a direction lateral to the plate boundary. The presence of a lowviscosity lower crust enables vertical deformation to concentrate in areas of least pressure (towards the southeast in the case of the South Island of New Zealand), and thus away from the area of maximum compression. This result provides an explanation for the observed offset between topographic maximum and maximum crustal thickness.
In the South Island, both the oblique boundary conditions and the pre-existing geometry of crustal and lithospheric strength variations in adjacent portions of the Australian and Pacific lithospheres, result in thickening to develop at 10
• from the plate boundary. Therefore, 2-D modelling of the compressive deformation should be oriented perpendicular to the axis of gravity minimum and at 70
• -80
• , rather than at 90
• , to the South Island plate boundary. The width of crustal thickening depends on the thickness (h) of the Pacific mantle-lithosphere, through the characteristic buckling relationship λ ∼ 5h (see also 2-D numerical models, Gerbault et al. submitted) .
Several geophysical data from the South Island support oblique thickening of the lithospheric mantle (Fig. 5c) . At depths around 100 km, teleseismic analyses indicate velocity perturbations of amplitude 3 per cent, with an oblique geometry consistent with the axis of the gravity signature, and a wavelength of about 200 km (Kohler & Eberhart-Phillips, 2002; Stern et al. 2000) . Furthermore, the direction and magnitude of shear wave splitting polarizations also show a consistent 20
• anticlockwise rotation north to south away from the plate boundary (Klosko et al. 1999) .
The numerical models presented in this paper assume very simple shear conditions acting on a lithospheric block, the base and lateral borders of which are very close to the characteristic features we are interested in. The rheology of the lithosphere is also extremely simplified (for example, it is independent of temperature), and the model does not account for surface processes. For these reasons, it is not possible to compare quantitatively the models and observations. However, the simple tests we have presented here identify a simple, mechanical, origin for the observed characteristic offset between surface and lower crustal deformation. More realistic models need to be developed in the future in order to better relate the mechanism of 3-D lateral thickening in models and in observations.
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